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SUMMARY REPORT

on

max omm ro. ¢ CONFIDENTIAL

Jamary 28, 1957

INTRODUCT 108

This report presents a detailed aceount of thé studies directed
toward the development of & large-seale, hydrogen generator under Task Order
No. C, and describes the design recommended and the materials required for a
prototyps gensrator. |

The objectives of Task Order ¥o. C includeds -

(1) Comducting a literature search on and a somparison of
hydrogen-generator types, particularly on the basis
of the underlying generation resctions, and selecting
the particular reaction or reactions that were con-
sidered to be of major interest.

(2) Performing laboratory ressarch to cbtain design dats
ot othervise available relative to the most applicable
generation reastion.

(3) Conducting a preliminary design amalysis of a hydrogen
generator that would satisfy the specified requirements.

A Topleal Ropcrtu)* prepared under Task Order No. C presented an
: analysis of the various reaction systems for producing hydrogen %0 meet the

gumbers in superseript refer to items listed under Refe .

Notet The data on which this report is based are rﬁ% our Laborstory
Record Book No. 1202L, pp 1-893 Ko, 12268, pp 1-813 No. 12321, pp 1-123

and No. 123&&, PP 1~100.
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requirements of the desired generator. The catalysed hydrolysis of sodium
borchydride ws selected for further research and development, The present
report describes the experimental development of the "two<solution®, CoClo=
catalysed hydrolysis of NaBf) for the purpose of generating 3,500 ou £t of
hydrogen under contyolled sonditions. | |

The research summrised in this report was cozdusted during the
period from May 29, 1956, through January 28, 1957

On the besis of thess studies, a hydrogen generator that meste the
speoified requiremsnts would have the following general charscteristicst The
generator would contein a "pool® of a solution of sodium borohydride in allm~
line water(0.01M HaOH). A cobaltous chloride solution (CoClp) would be
added to the dorchydride solution %o catalyse the hydrolysis of the boros
hydride and start hydrogen generation.

Specific details relative to the hydrolysis reaction in and the
proposed design for the fullescale genemtor, operating under the specified
conditions,are as followet

Pool dimensions 3..;‘ n&tu: ;g: :rs.s »q
: Initial tempersture 72 F (22 C)
Hydrolyeis solution (O.1M NaCH)s
water 560 ga1
BeH) (983 pure) 100 1b
HaOH Ce2 2

CONFIDENTIAL
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Catalyst solution 2.4 1b CoCls in 10 gal BypQ
Capacity 3,700 ou f% K, 1a L5 to 60 min
Highest tempematurs of offegas 130 ¥ (Sh C)

Proposed generetort

Dianmeter 8 £t
Helght 33 in.
Approximate weight 50 1b
m;::::ﬁc:i%:h 158 1b.

Stodies with natural waters have shown that impurities in these
waters, not specifically identifiable, cause about a 20 per gsent reduction
in the generstion rete, The advisability of making the waters used basie
vefore dissolving the sodium borohydride has also been established in the
naturalemmter studies. |

Kinetde studies have indicated that the rate constant for the
eatalysed hydrolysis is proportional %o the consentration of the catalyst,
and that the Semperaturs coefficient, or sotivation energy, for this vesstion
is approximately 17,500 ealories per mole. Preliminary deductions on the re=
action kinetigs have besn made, and, on the basis of seversl calculsted rate
ourves, itmbnmmmtan'm”hth initial temperature of 9 F
(5 C) will decrease the time for somplete resction under sdiabasis conditions

X by about 50 per cent. These calculations also indicate that small errors in

making up the borohyiride and catalyst solutions will cause very minor sffects
on the generation rate, but will influence the final temperaturs of the offw

a8,

QECRET
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REACTION SYSTEME FOR GENERATING HYDROGFN

Bince the specifications for the hydrogen generetor were importamt
in the formlation of the various studies in this program, they are listed
here in details

(1) Capasity. Emough hydrogen to provide & minimum of 250 1b of
1ift at ses level; this is equivalent to approximately 3,500 cu £+ of hydroe
gen. Presumbly, the purity of the hydrogen (air and water content) is less
important for the intended application than is the cese with hydrogen for
meteorologieal balloons, which must rise at a prediotable rate.

(2) Bate. Total capacity to be generated at a controlled rate

‘within 1 hour once the reaction is started.

(3) Rrsssupe. Lowj slightly above atmospheric pressure at the
outlet of the gensretor.

(k) Asbient Temperature. Not stated, Tentatively, a range of
32 t0 120 ¥ is assumed} lower temperatures would necessitate the addition of
nonaquecus solvents to the solution. ,

(s) Tempersture of Off-Gas. HNot stated, except that the tempera~
ture must not be high enough to damage a balloon made of 2« u" 2«1/2+mil
polyethylenss Any tempersture below 212 F (100 €) should be safe for eon-
ventional polyethylene.

(6) Meximnm Weight. A total of 500 pounds or less for all compo-
nents and chemivals, except water. Any possible redustion below this maxcimm

SECRLT
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(7) Construction. Low radar detectabilityj unitized components

(each 50 pounds or less) which could be carried and assembled by one man. In
general, the econstruction should be rugged.

(8) Qperation. Operation by one nontechnical operator. Once hydro-
gen generation begins, the operator will be ocoupied with the handling of the
balloon, so that foolproof, selfe-controlled operation with automatic safety
controls will be needed. Materials and chemioals should be selected to overe
come potentially explosive or toxic conditions.

(9) Durability. All components and chemicals designed for safe
storage and shipment without inspection or attention for periods of many
months. The penerator should be designed for a single one-hour operating
period, with recharging and reuse not contemplated.

(10) Auxiliary Power and Materials at Operating Site. Completely

self-contained unit. Only water would be available in reasonable quantities
at the site. The water will probably not be sea waterj there will probably
be a small lake, & large pond, or a flowing stream to provide the water. The
gensrator might conceivably be set directly in the water for operation. The
water temperature may vary from LO to 90 F, but the limits are likely to be

%0 to 70 F.

Materials for a Se}.f-(:on*bunog Generator

In order for the generator 1o meet the requirements of being selfe

contained and self-generating, hydrolyses which proceed at uniform rates and
which go to completion, or approximately so, were the preferable type of basic

reaction.

Declassified in Part - Sanitized Copy Approved for Release 2012/05/31 : CIA-RDP78-03642A001300010014-1



Declassified in Part - Sanitized Copy Apgved for_ReIea%etv2A012/05/31 . CIA-RDP78-03642A001300010014-1
1

wbm

Table 1 indicates various materials which will yield hydrogen upon
hydrolysis. The system which appeared to lend itself best t0 this development
was the catalysed hydrolysis of sodium borchydride; a detailed discussion of
this is presented in Reference 1. Initially, potassium borohydride wes con~
sidered also. The hydrolysis of sodium borohydride was reported to produce
large amounts of foam during high rates of gmntion(z), and there vas rea~
son t0 believe, early in this study, that potassium borohydride, which might
be produced in greater purity, might foam less.

Characteristice of the Sodium and
Potassium Boroch Syateas

Sodium and potassium borohydrides form relatively stable aqueous
solutions when cold, slthough both hydrolyse slightly on standing. Stable
solutions of these borohydrides are achieved at pH values greater than 7,
but preferably at a pH of the order of 10 to 12.

The hydrolysis of borohydride solutions may be achieved by acidifi-
eation in agueous solution or by catalysis. The acidification reaction proba-
bly occurs in the following manneri

mﬂ . HBo"—-»mg + Hy + K0
E} + 3Hy0 —> 3H, + B(OB)L

- L .
mh . n30 + 2320——>l|!!2 + B(OH)B

The catalysed resction, rather than forming boric acid, yields the metaborate

iont

atalyst
m{:+2ﬁ203——>802*hﬂ2 .
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, TABLE 1. POSSIBLE MATERIALS FOR A SELP=CONTAINED, SELF~GENERATING SYSTEM

(For production of 3,500 cu £t of hydrogen)

Minimun
Material Weight, 1b Applicability Commente
Lithium borohydride 53.h No Unsafe. May ignite on contact with
(LiBHy,) water,
Lithium hydride 775 Possible Some danger of ignition in presence

(LiR) of moisture. Powlered material must
be stored in sealed containers under
inert atmosphere. Large lumps reast
slowly with water (reaction is

heterogeneous).
Sodium borohydride 92.7 Yes Acid or proper catalyst required for
(NaBH) ) _complete reaction.
Potassium borohydride 132.2 Yes Similar to NaBH), bdut reaction 1s
(KBHy, ) milder.
Calcium hydride 205.3 Possible Has been used in generstors.
(CaHp) Weight requirement is high.
Soc(x;::)hydridc 23.2 No Ignites on contact with water.
Metals (i.e., Na, - No Unsafe due to explosion hasards and

K. C&. Zr, MQ)

lack of control.
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Schlesinger and eo«workersu ) and the Ethyl leontorin(z) have
studied the hydrolyeis of sodium borohydride in some detail, Schlesinger re-
ports that the hydrolysis is dependent only on the pH of the system and is
independent of the specific acids and salts used to buffer the solution. A
number of acids can be used for the acid-accelerated hydrolysis. In Table 2
of Reference 1, 2L accelerators used by Schlesinger wers listed. Roric oxide
was reported to be the best acid accelerator. This was based on the require-
ments of the Ethyl Laboratories and the ability of a boric oxide - sodium
borohydride mixture, in the molar ratio 112, to hydrolyse completely in 10 min.

The hydrolysis may be catalysed by & mumber of metal salts. In
Table 3 of Reference 1, more than 50 catalyst meterials were given, and probe-
bly the 1ist could be expanded further. The catalyst materials were separsted
into three groups « those which effect a very slow hydrolysis, those which ef-
feot & slow or incomplete hydrolysis, and those which effeot a fast and appar-
ently complete hydrolysis. As was pointed out in the analysis in Referemce 1,
cobaltous chloride, which is in the third group - fast catalysts, appeared to

be the preferable catalyst for this progranm.
A more complete review of these reactions is presented in Reference 1.

CENFRAL OBJECTIVES OF THE EXPERIMENTAL PROGRAM
| In order to use the cobaltous chloride - catalysed hydrolysis of

godium borohydride to generate hydrogen, additional information was needed
and this was obtained from studies of the following factors:
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(2)

(3)
(L)

(5)

g g :
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The feagibility of the twow~solution system.

The combined effect of the concentration of
ccw.}l2 and BaBHh on the rate of hydrolysis.
Implieit in this consideration was the com=
pleteness of reaction.

The influence of scaling factors.

The effect of the initial water temperature

on the rate of reaction. This was important
because of variations that would be encountered
in the water temperature under field conditions.
The effect of natural waters on the rate of
reaction. Since ground water is t be used,
irorgenic and organic contaminants in natural
waters may exert catslytic effects on the hydrolysis.

The results of these studies are described below.

DEFINITIONS AND CONVENTIONS

In this report, the temperatures are generally reported in degrees C

and gas volumes have been reduced to standard conditions. In general, c-g=s

units are usedj however, when hydrogen volumes are much larger than 1 liter,

they are given in cu ft.

Charge sizes refer to the amount of hydrogen that can be generated

from the selected weight of borohydride. Since 1 mole of sodium borchydride

will penerate L moles of hydrogen, the following conversions will be usefuls

g v Ea T
g:', Y
3 i

o) the aF 68w £
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11.98 ¢ L (0.317 mole) 1 cu ft H,

1

28.32 1iters H,

1.26 moles Hj.

Sodium borohydride concentrations are reported in moles NabH), per
liter of solution”.

The cobaltous chloride concentrations referred to represent the
molar ratios of anhydrous CoCly to NaBy,

In deseriptions of the reactors, especially in the large-seale studies,
a reactor is often referred to, for example, as & L.lecu-ft unit. The "L.1 ou
££* represents the sise of the charge, expressed as available hydrogen, loaded
into such a resctor.

Hydrogen-generation rates in the smll- and large-scale studies are
expressed as specific rates, Rgp(t)e The specific rate, which is an "average*
rate per unit charge expressed as available hydrogen, is therefors the recipro-
cal of the time, in minutes, necessary to achieve complete reaction. For con~
venience, the data are amalysed on the basis of a total generation time of
50 min, i.e4,

Hy evolved in 50 min

» = m -1
Rop(50) * (rota1 Hy in charge)(50 min) i

*In the Task Order No. C monthly letter reports and in the Ethyl roport(z) »
different conventions were used. The monthly letter reports used W (g solution
per g HHj, don) and C (g CoClp per 100 g Hij fon). The Ethyl report used

‘ R (g water per g HaBh)) and % (g CoClz per 100 g NaBH),).

The conversion factors relating these conventions are as followst
W = 0,402 R = 67,57 moles NaB),/1iter solution

1C = 0,402 § = 0.00114 mole CoCly/mole NaBH),

SEGRET
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Thus, Rgp(t) for 100 per cent reaction is simply one divided by
the time required. It must be recognised that R,,p presents only a partial

picture of the generation rate and gives no indication as to the shape of

the rate curve with respect to time.

EXPERIMENTAL METHODS

Apparatus and Materials

Experimental studies were conducted in a variety of reactors ine
cluding S0-ml flasks, 250-ml graduates, legallon Mason jars, and cylindrical
reactors of various sises up to approximately 10 in. in diameter by 3 ft in
height. Fach reactor was provided with an opeing through which the catalyst
solution was added, a gas outlet, and a thermocouple well. Calidration marks
on the reactor made it possible to estimate the volume of foam produced during
the reaction.

Temperatures were measured by means of a single-junction copper-
constantan thermocouple. Barometric pressures were read on an aneroid
baronmeter,

Experiments with l-liter charges were performed in a 250-ml grede
uate, and the hydrogen was collected over water in a leliter calibrated gas
burette. Charges in the range of 0.5 t0 3.5 cu ft of hydrogen were reacted
in a 1-gallon jar, approximately 9 in. in height x 5-1/2 in. in diameter.

The hydrogen was metered through a wet-test meter and released to a hood.

Except as stated, the reactions were run under ambient conditions of tempera~

Bk Ty S0 4 et
Q S LA e

a - '
\ % &8 Loy E
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For charges larger than 3.5 cu ft of hydrogen and for the rela-
tively large sealing studies, four c¢ylindrical reactors, each 3 ft high and
of varying diameters, were constructeds The dimensions and charge sises of

these reactors are as followst

Diame Charge Sise
1.9~4n. 1. cu ££ of hydrogen
2.7=in. 3.1 cu £t of hydrogen
5«Smin, ~ 1l cu £t of hydrogen
9e8win. 364 cu £t of hydrogen

The first three reactors were constructed of Pyrex glass and the
last reactor was made from an acrylic resine.

Figure 1 shows a diagram of the largest experimental~reactor setup
in which, after the cobalt chloride catalyst was added to the reactor, the
hydrogen was passed through the wet~test meter.

The sodium borohydride used in these studies was obtalned from
Metal Hydrides, Inc., and the Callery Chemical Company. The produets from
both companies are supplied 98 per cent pure, and were used with no further
purification. The Metal Hydrides product was stated to contain the following
impuritiess sodium methylate, sodium hydroxide, and perhaps borates. The
Callery Chemical Company product had a higher bulk density than the Netal
Hydrides product, and also had an "amine like" odor. However, both products
behaved similarly in these studies,

The potassium borohydride, obtained from Metal Hydrides, was 97 per
cent pure, with probably the same impurities as the sodium salt.
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The cobaltous chloride used was Baker Analysed Reagent, 99.9 per
cent CoClp®6HpO0. This salt was also used with no further purification.

Geneyal Progedure

In the performance of the hydrolysis experiments, the borohydride
solution was placed in the reactor, and the catalyst solution in a separstory
funnel. At first, the concentrations of the solutions used were based on the
final volume of mimed solution. After several experiments, attempis were
made to maintain a constant value of approximately 13130 for the ratio of the
volume of catalyst solution added to the volume of borohydride solution.

The initisl temperature of the solution was usually recorded, and,
if necessary, the internal pressure in the system was adjusted to atmospheric
pressure. The stopeock of the separatory funnel was then opened to admit the
catalyst solution to the reactor. For the smsll charges (1 liter of hydrogen),
the rate of addition of the catalyst solution appeared to have an effect on
thc rate of reaction. However, no effect of addition rate was observed with
the larger charge siges, and for these the catalyst solution was allowed 0
stream into the reactor at the rate determined by the stopcock bores this
took approximately 10 to 20 seconds.

At intervals, readings were taken of the volume of gas generated,
the tempersture of the solution, and the volume of foam in the reactor. The
gas volumes oorrected to STP were plotted as a function of timej on the same
graph, temperature and foam volumes were also plotted.

Because solutions of borohydride are slightly unstable, they were
prepared fresh daily. It is generally stated in the literature that MaBH)

E,
”Q&W&ju G i ‘5
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dissolves in cold water without an extensive ewvolution of hydrogen. At room
temperature and above, the hydrolysis proceeds more rapidly, but soocn slows
down and becomes inappreciable due to the increasing alkslinity resulting from
the presence of the reaction products. Baekam(h) states that the rate of
reaction becomes negligible at a pH greater than 9. However, there is some
hydrolysis even in solutions normal in saoa(g ) .

Dedoniged water was used in most of the experiments, 20 as to main-
tain a reproducible solvent.

In gencral, the reactions were run under ambient~temperature condi-
tions. In a few instances, reactions were also run under partially isothermal
conditions, by setting the reactor in a large water bath. The temperature~
dependency studies were, of course, performed under controlled isothermal

conditions.

EXPERIMENTAL RESULIS

General Observati

The hydrolysis reaction generally occurs as follows: As the CoClp
enters the solution in the reaction vessel, a black layer of precipitate,
presumably cobaltous boride, forms at the top of the solution and gradually
settles toward the bottom. It may take as long as 5 minutes before the entire
solution is colored black by the precipitate,

Several features of general interest are best described with refer-
ence to the rate curves shown in Figure 2. Figure 2 is a rate curve for the

generation of hydrogen in the largest reactor, 36.4 cu ft. The hydrogen

E’T’ﬁﬂ S
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curve indicates that, as soon as the CoCly is added, there is a sudden evolu=
tion of hydrogen; this is followed, a few minutes later, by a temperature

" jump® of approximately i degrees C (7 degrees F). It is also to be noted
that & small amount of foar forms at the very start of the reaction. After
about S minutes, the hydrogen evolves smoothly. Ae will be shown in some of
the kinetic studies described below, this temperaturejmp is caused by the
exothermic formation of the black preeipitate. The sudden jump appears to
occur several minutes after the reaction has started because the thermocouple,
moasuring temperature, is located & inches below the top of the solution, and
thus there is a delay before the thermocouple senses the presence of the
warmer portion of the solution at the top of the reaction solution, as it
finally mixes with the cooler solution below. The foam curve tends o follow
the general shape of the hydrogen and the temperature curves except that, as

soon as the reaction is completed, the foam curve drops because the unstable

foam collapses.

Feasibility of the 600}2:&3}& Systen

The analysis in Reference 1 indicated that a two-solution CoClp~
NaBH) system would be the most desirable system for further research and de-
velopment in connection with Task Order No. C. Before all of the effort was
concentrated on this system, however, it was believed desirable to establish
its superiority over other possible systeme such as those inwolving the use
of KBHH), acid accelerators, or catalysts other than CoCly. In addition, 1t

appeared worth while to establish the optimum method of mixing and the sta-

bility of the solutions for a two-solution system.
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Hydrolysis of Potassium Borohydride

It wvas felt early in the program that, if foaming were a problem
as it was in the Ethyl :tudiu(a), the advantages of using KBH), might outweigh
the dissdvantage stemming from the larger weight of chemical required. It was
the thought that KBH) might be obtained in higher purity, and, as a result of
the use of purer material, the foaming might be decreased. Actually, the KBHL
supplied by Metal Hydrides was not purer than the NaBR),. It was also found
that foaming was not a serious problem in thig study. For these reascns,
there wvas no advantage to using the heavier KHH),, and no further work was done

with it.

Acid Accc,‘l_.pution

Schlesinsor(” showed that the hydrolysis of NaHH) could be accel-
erated by many acids, and that stronger acids produced greater acceleration.
He also indicated that the rate of generation decreased as the pH of the
solution inereased. The data reported by Schlesinger, however, were for
higher specific rates, Ry,~0.10 min "1, then thoss of interest to Task Order
No. C. It was decided, therefore, to check a few acid accelerators at lower
concentrations than were used by Schlesinger.

Table 2 sumarises the results of hydrolysis experiments with
malonic, tartaric, and boric acids, and amonium chloride. The data show
that, in general, if the acid concentration is increased, the hydrolysis
starts out too rapidly, and if the acid concentration is redused, complete

reaction is never reached.
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TABLE 2. HYDROLYSIS STUDIES WITH ACID ACCELERATORS

(Reaction conditionss NaBHy = 0.45 mole/

literj solvent = deionised water; accel-
| erator added to borohydride rapidly, in
| . a continuous stream)

.k A i i A e A e et

| Ratio Acid Charge B en Evolved cent Total

| Acid to NaBH), Sise, er er Reaction

| Accelerator wt per cent co Hp 2min 20 min Final Time, min
Malonic(l) 20 835 2 54 61 k2
Malonic 50 876 6h( 2) >90 9l 3
NH,C1 20 893 8.k 37 59 63
NH)C1 50 86h 18.5 ~64 79 ks
NH)C1 ] 722 21 61 78+ 36
Tartaric 20 876 2h.5 L7.5 64 60
B,05 1.7 890 ! k0.5 59 59
B,05 50 818 N 76 90 18
B,05(3) 50 859 ~k 87 T

(1) Added over a 2-minute interval.
(2) L9 per cent svolved after 1/2 minute.
(3) See Pigure 1. By03 (10 ml) added dropwise, L drops per min,

over a Li-min period.
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Figure 3 shows three rate curves for boric acid -~ accelerated
hydrolyses. The dashed curve in Figure 3 represents data obtained in a
special experiment in which the boric acid was added dropwise over a Lli-min
period. As this curve shows, the generstion rate can be regulated by adding
acid at a controlled rate,

The general conclusion drawn from these studies, therefore, is
that acid accelerators are not applicable to this program since the desired
generator is to operate as a self-sustaining systems In addition, a welght
of acid almost equal %o the weight of NaBHh wuld be required, to exploit

acid acgeleration,
Ca ts ep Than Cobalt Chloride

Three catalysts were studied to compare the effects of different
catalyste with the known effects of CoClpy. The catalysts investigated were
NiC1,, Crc13. and Llc13. The experiments were run on approximately 800-ce
(of hydrogen) charges of various sodium borohydride solutions.

The specific-rate data are listed in Table 3. It is apparent that
thers is no special reason to prefer the uss of any of these other catalysts
over CoCly, since a specific rate of 0.02 min~) was desired in this progrem.
This general result would be expected from the preliminary studies of
Schlesingser and his gx'cm;)(3 ); they indicated that the actual catalysts vere
borides. The mechanism by which these boride catalysts are formed and operate,
however, is not known and has not been studied in detail.
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FIGURE 3. RATE CURVES FOR BORIC ACID-ACCELERATED HYDROLYSIS OF

SODIUM BOROHYDRIDE
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TABLE 3. EFFICT OF FOUR CATALYSTS ON THE HYDROLYSIS OF SODIUM BOROHYDRIDE

(Reaction conditionst solvent « O.1M HaOlij catalysts
added slowlyj charge size = ca. 800 ¢c Hy)

Catalyst Conecentration, NaBH), Specifie
mole/mole Concentration, Rate, Rgp(50)s
Catalyst NaFH), mole/liter nin-l
NiC1p 0.0285 027 0.0032
NiC1) 0.0570 0427 0.0071
NiClp 040285 0.hs5 0.0033
CoCly 040285 0427 0.0346
CoCl, 0.011h OuliS 0,029
CrCl3 040285 0427 0.0011
cre1s 0.0570 0,27 0,021
Crcl, 04,0285 0.L5 0.011
A1C14 0.0285 0.27 0,0013
AXC1y 040570 0.27 0,0031
A0, 0.0285 0.l5 0.0017

|

(1) Possibly in error due to leak in system.
Notes The specific rate desired in this program is 0.02 min™},
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Method of Solutions

From a practical point of view, it would be desirable to add a
minimum volume of CoCly solution to the NaBH}, solution. Since the literature
referred to variations in results caused by the manner in which the reactants
were introdused into the system, it was considered desirable to investigate
the effects of mixing.

Figure L shows the results of several experiments conducted to ese
tablish the best method of mixing the sclutions. There wuld be no advantage
gained by the addition of the relatively large volume of borohydride solution
to the relatively smll wvolume of catalyst. Although Figure i does show
variations in the rate of generation of hydrogen depending on the method
of mixing, the general conclusion from these experiments is that it should
be possible to add smll volumes of CoCl2 solution to the NaBH), solution so
as to generate hydrogen at the rate desired.

It will be noted in Figure L that the CoCly or the NaHH) solution
was added in a continwus stream or dropwise. The rate of addition does have
some effect on the rate of reaction, but this effect was of more consequence
in these smallescale studies than it was found to be in larger scale experi-
nents, described below.

The observations of Schlesinger'3) and of Hoekstra'l) concerning
the appearance of the solution during the hydrolysis reaction have been
borne out in the present study. When the two solutions are mixed, an in-
soluble black material is formed which is 80 finely divided that the solution
appears to be homogensous. The actual heterogeneity of the mixture at this
stage i3 evident in the larger scale studiesj from these, a truer over-all
picture of the changes can be obtained. Schlesinger reports that this black
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precipitate has a composition corresponding to the formuls CozB. It is also
stated that this material has about the same catalytic effect as is observed
with fresh solutions of CoCly. As will be discussed later, the findings of
Schlesinger in this regard have been confirmed in the present study.

As a result of the experiments reported here, it can be concluded
that the full-scale generator can be designed for the addition of the catalyst
sclution to the borohydride solution, Although it has been shown that for
small charges (1 liter of hydrogen or less) the catalyst should be added drop-
wise, this proecedure is not necessary for large-scale generation.

Solvent Effects

As shown in Figure 5, the hydrolysis reaction for NaB) dissolved
in a 0.1M NeOH solution proceeds differently from that for a borohydride =~
neutral water solution. The reaction in deionised water proceeds more repidly
initially, but does not sccelerate as rapidly in the later stages of hydroly-
sis as does the resotion in the alkaline medium. This effect is probably re-
lated to the heat effects that ocour as the metaborate-ion concentration in-
creases during the reaction. It is possible that some tetraborate is also
formed in the reaction, with an additional evolution of heat.

The study with the 0.1M NaOH solution was necessary because, in
the operation of the full-size generator it is probably preferable to dissolve
the NabH; in a basic solution, for two reassons. First, experience has shown
that the borohydride is not so stable in neutral or even slightly alkaline
solutions as has been implied by the literature. Second, natural waters may

even be glightly acidic.
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The Effect of Borohydride and Catalyst
Concentrations on the Heaction

The amount of water present in a solution containing a fixed reac~
tion charge of borohydride determines the adiabatic temperature rise caused
by complete hydrolysis. The limiting temperature of the off-gas set by the
specifications is 100 C (212 F); however, at this temperature the off-gas
wuld be heavily laden with water vapor, and a means of drying the hydrogen
wuld be necessary. It appeared desirable, therefore, to limit the allowsble
temperature rise.

NaBH), solutions at a concentration of 0.56 mole per liter were used
arbitrarily in the preliminary experiments. Since the heat of reaction for
the ocatalysed hydrolysis is 57.5 kilocal per m10(3 ), the calculated tempera~
ture rise ocourring during hydrolyeis of a golution with this borohydride
concentration is 32,2 degrees C (58 degrees F). This temperature rise was
considered to be reasonable and allowable in the proposed generator, and most
of the subsequent research was done at this borohydride concentration level.

Figure 6 shows the effect of catalyst concentration on the genera~
tion rate for l- and 2-cu-ft charges under isothermal conditions. The gen=-
eration rates in Figure 6 are approximately proportional to the eatalyst
concentration.

Therefore, it is concluded that the generation rate and the tem=
perature of the off-gas can be controlled, with a fair amount of latitude,
by proper regulation of the catalyst and borohydride concentrations.

ORI N c
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The Effect of Scaling Factore on the Reaction System

Preliminary Scaling Studies

A detailed study of the combined effect of charge size and cata~-
lyst concentration was made so that conditions for the full-scale generator
could be extrapclated or predicted with assurance. If a completely adiabatic
system or & system in which all of the heat losses can be taken into account
is assumed, it should be possible to extrapolate from the conditions for gen-
erating hydrogen from any charge sise to those for the full-scale gensrator.
This assumes that the behavior of all of the variables is known and accounted
for. The system of interest is concerned with a heterogeneous, catalysed
reaction. It is possible, therefore, that the distribution of the catalyst
throughout the rescting medium may be a factor which does not seale readily.
Consequently, preliminary scaling studies were conducted to determine the
feasibility of scaling the CoCl, - Hamh hydrolysis from small to relatively
large charge slges,

Tables L, 5, and 6 summarise the scaling experiments for charges
ranging in sise fxom 0.5 to 3.5 cu ft of hyirogen. The reactions were run
in the l-gallon reactor. The principal variables were charge size (in almst
all of the experiments, the borohydride concentration was 0.56 mole/liter)
and catalyst concentration. The data were analyzed with respect to the 50~min

specific rate, B, c5), sclution temperatures, and foam volume.

sp(
The general conclusione drawn from the data in these three tables
are that sealing is independent of the charge sige, i.e., the specific rate

is independent of the charge sizej but that the specific rate increases as
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TABLE Lo DATA FROM SCALING EXPFRIMENTS IN THE ONE=-GALLON
REACTOR WITHOUT TEMPERATURE CONTROL

(Reaction conditionss HNaBH), = 0.56 mole/literj

solvent ~ deionised waterj CoCl2 added all at
oncej no temperature control)

CoCl2 Concen- Specific Rate'l), Temperature
Charge Size, tration, mole/ Rep(50) s Initial JMaximum  Foam Vole
min~1

cu ft of Hp mole NaBg), c F ¢ ¥ ume, ml
0.518 0.00570 0.0127 23 13 32 9% ]
1.05 0400570 0.0158 23 73 L3 109 10
1.56 0.00570 0.0097 20 68 37 99 50
2.09 0.00570 0.0145 22 72 W6 115 275
0.522 0.,00855 0.0216 2h 75 39 102 20
1.05 0.00855 0.0298 2h 715 L6 115 100
1.56 0.00855 0.0277 23 713 W7 117 300
2.09 0.00855 0.0332 25 71 S0 122 315
3.52 0.00855 040316 26 719 53 127 1,000
0.52} 0.01140 0,0369 23 713 L2 108 10
1.0 0.01140 0.0399 23 13 W7 17 125
1.57 0.01140 0.0431 2h 75 51 124 410
2.09 0.01140 0.0312 24 75 50 122 375
3.4k 0401140 0.0345 26 79 52 126 650

- - —— —————— ——— e ————————
(1) The specific rate of 0.02 min™l is desired for the proposed generator.
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TABLE 5. DATA FRO¥ SCALING EXPERIMENTS IN THE OMEe
GALLON REACTOR AT CONSTANT TEMPFRATURE

(Reaction conditionss NaBH), = 0.56 mole/liter)
solvent - deloniged watery CoClpy added all at

oncej temperature controlled with water bath)

CoCl, Concen~ Specific Rate(l) ’ Temperature

Charge Sise, tration, mole/ Bsp(gg), Initial Maximum  Foam Vole

cu ft of Hy mole NaBH), min c F ¢ F ume, ml
0.522 0.0057 0.012k 27 81 28 82 0
1.04 00057 0.0085 23 13 2 715 0
1.56 0.0057 0.0113 25 171 28 82 25
2.09 0.0057 0.013k 26 79 30 86 50
3.51 0.0057 0.0063 20 68 21 70 25
0.526 0.00855 0.0152 27 81 29 &4 5
1.05 0.00855 0.,0239 26 79 33 91 10
1.56 0.00855 0.0172 26 79 31 88 100
2.08 0.00855 0.02143 1 81 36 97 100
3.51 0.00855 0.0185 25 77 32 90 275
0.52h 0.011l 0.0246 26 79 30 86 25
1.05 0.0114 0.0368 27 81 3 95 75
1.56 0,011k 0.02L:9 25 11 32 %0 50
2.09 0.0114 0.0346 25 71 X% 97 300
3.51 0.011L 0.0283 25 17 3% 9N 350

e

is dess.od for the proposed generator.

g -t

(1) The specific rate of 0.02 min~
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6., DATA FROM SCALING EXP:RIMENTS IN THE ONE-
TABLS O GALLON REACTOR USING ALKALINE SOLUTION

(Reaction conditionss solvent O.1M NaOij
CoCly added dropwisej mno temperature control)

—‘m—m%
AT b

Spec

NaBH), CoClp Rx’uiﬁ,c Temperature Foam
Charge Size, Concentration, Concentration, Rgp(50)s Initial Maximum Volume,
cuft of Hp  mole/liter  mole/mole NaBy minl ¢ F C F nl
1.05 0.56 0.0057 0,0029 27 81 30 86 0
2.09 0456 0.0057 0.0232 29 84 S513 650
2.09 0.56 0.00855 0.0392 27 81 5L 129 1,000
1.05 0.53 0.00855 0.03,0 28 82 5112h 2715
0.52 Oeh5 0.00855 0.0202 28 82 L2 108 70
| 0.52 Osli5 0.00855 0.0042 23 73 35 95 0
108 0.5 0.00855  0.0298 28 62 L1117 200
‘ 1.0k 0.h5 0.00855 0.02k8 23 73 L1106
2409 0.45 0.00855 0.0397 28 82 5112k 650
0.52 0456 0.011h o.0455 26 79 k7 117
1.05 0.56 0.011) 0.0277 25 71 LT 117 Loo
1.05(2) 0.56 0.011k 0.0325 23 713 L6115
1.08 0.56 0.0114 ~0.,02k 29 84 53127 375
1.57 0456 0.0114 0.0643 27 81 5k 129 900
2.09 0.56 0,011k 0.0870 27 681 56133 1,700

ot o

(1) The specific rate 6! 0.02 min~> is desired for the proposed generator.
(2) CoCly added al) at once.

|
i
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the CoCly concentration is increased, all other variables being held sube
stantially constant. Table L, for example, shows that the specific rate is
04010 to 04016 min"} in the runs with a CoGly concentration of 0,0057 mole

per mole NaBH), 0,022 to 0,033 min~t

for a CoCl, concentration of 0.00855
mole per mole NaBl, and 0,031 to 0.043 min"} for a CoCl, concentration of
0,011k mole per mole NaBH. It was apparent, however, that this range in
the specific rate for each CoCl, concentration level is at least partially
due to a variation in the initial temperatures.

The foam-volume data are of interest because in the Ethyl study(z)
large volumes of foam were produced at high rates of hydrogen generation. It
was feared that large volumes of foam would be a major problem in the Task
Order No. C programs. For this reason, these data were collected along with
the specificerate and temperature-rise data. From Tables L, 5, and 6, it

18 obvious that the foam volume generally increases as the specific rate
increases, and also as the charge size increases. The increase of foam
volume with specific rate iz to be expected. The increase of foam volume
with charge size might not be expected. With regard t0 this point, however,
it will be recalled that these reactions were run in a reactor of constant
diameter. As a result, the charge size varied with the depth of solution.
Consequently, at any particular specific rate, the amount of hydrogen passing
off the surface of the solution increased as the charge sise was increased.
Therefore, in these experiments, the foam volume increased with charge size
because more hydrogen was released from the solution as the depth of the

solution, i.e., as the charge size,was increased.
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The results of these preliminary experiments indicate that foaming
is not a major problem, since the foam volumes were relatively small. This
conclusion was confirmed in the large-scale studies.

The general conclusions drawn from the preliminary scaling study
are as followst

(1) The CoClp-NaHH}, hydrolysis resction lends itself to scaling.

(2) The reaction is rather sensitive to the initial temperature

of the water.

(3) There is an increasing volume of foam as the charge size

increases; this is related to the solution height as
well as to the specific rate.

large-Scale Studies

The purpose of the large-scale studies was to confirm the results of
the previous preliminary studies, and also to establish the design parameters
for the full=scale generator. The large~scale studies, which may also be
referred to as aliguwtescaling studies, are based upon 'threo premisess

(1) That the concentration of NaBH) in the full-scale

reactor will be 0.56 mole per liter.

(2) That the general shape of the reaction pool in the

fullescale generator will be approximately that of
a pool 1.5 ft in depth and 50 sq % in surface area.

(3) That the reaction system in this pool approximates

an adiabatic systenm.

Declassified in Part - Sanitized Copy Approved for Release 2012/05/31 : CIA-RDP78-03642A001300010014-1



Declassified in Part - Sanitized Copy Ap&ved for Release 2012/05/31 : CIA-RD@8-03642A001300010014-1

> RS B

35w

On the basis of these premises, the full-scale penerator can be
considered to consist of a summation of a number of small generators, each
1.5 £t deep and evolving hydrogen in proportion to the surface area of the
solution. In an "aliquot” of the fullescaleegenerator pool, an aliquet
amount of hydregen should be generated at the same rate as would be the
case in the full-scale pool. Naturally, this reasoning is valid only when
the thermal conditions for the reaction in the experimental aliquot reactor
approach those in the full~scale pool.

Tables 7 and 8 summarize the results of the aliquot-scaling studies.
The data in each of these tables are grouped in sections of constant CoClp
concentration, and each section shows the effect of charge sise on specific
rate, temperature rise, and foam height under the conditions of the experi~
ments. The colum titled "Surroundings" refers to whether the hydrolysis
proceeded at ambient temperaturej with an attempt to control the temperature
by means of insulation;or as a temperaturescontrolled experiment in a water
bathe The last column in Table 7 indicates the time for complete reaction
for some of the experiments. These times are of interest because, in many
instances, specificerate values fail to give an adequate description of the
shape of the generation~-rate curve. In the first run listed in Table 7, for
example, the reaction was less than 50 per cent complete in 50 min, but was
100 per cent complete in 77 min.

The results in Tables 7 and 8 for the large-scale experiments are
generally similar to those presented previously for the small-scale studies.
The data show that (1) the specific rate increases with catalyst concentration,

(2) the initial temperature has an appreciable effect on the specific rate,

a B
- 1T
% S
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TABLE T« DATA FROM LARGE=SCALE STUDIES WITH DEIONIZFD-WATER SOLUTIONS
{Reaction conditionst HNaBHl - 0.56 mole/liter; CoCl? added

all at once)
Charge CoClz Conten~ Specific Rate, Temperature Foam Tine for Com-
Size, tration, mole/ Rgp(50)s Initia) Maximum Height, plete Reaction,
cu £t of Bz mole NaBi, min=1 ¢ F ¢ F  in. Surroundings'?)  min
36.4 040057 © 0.0087 2h.1 75.h 52,6 127 2-3/4 Ambiemt 7
1 0.00855 0.0097 2hy 75.9 34 93 1-1/2 Ambient - .
3.1 0.00855 0.0080 19. 66.9 35 95 1-1/2 Aumbient -
11.h 0.00855 0.0116 25.6 78.1 bS.h 1k 1-1/2 Asbient - I‘f?*
3643 o.00855 0.0183 241 TS 52.7 127 3-1/2  Amblemt 52 c
3642 0.00855 0.0156 22,7 72.9 52.2 126 5-1/h 5" of vermiculite 56 ;f‘ :
1.k 0.00855 0.0061 2, T75.2 25 17 <1 WeBe 20.3 C - %
(68.5 F)
3.1 0.00855 0.0070 20.6 69.1 22 716 31/ W.B. 20,6 C -
(69.1 F)
1.k 0.0114 0.0142 25 11 39 102 2-1/2 Asbient -
3.1 0.011) 0.0195 25 77  b5.5 1k 3-3/4 Ambient - .
.4 0,011} 0.0116 23.0 73.h k6.8 M6 2 Ambient 87
n.h o.011L 0.0169 25 7747 53.6 128 1-1/2 5* of vermiculite 61
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TABLE 7 (Continued)

Charge 00012 Concen~ Specific Rate, Temperature Foam Time for Com=
Sige, tration, wole/ Rep(50)s Initial Maxinum Height, plete Reaction,
cu ft of Hy mole NaBfy min-1 c F € F  in. Sorroundings'd  min
36,4 0.0114 0.0278 254 77.7 She0 129 2-1/2 Ambient -
1.h 0.011) 0.,0078 23.3 13.9 25 77 1-1/4 H.B. 22.5C -
(72,5 F)
3.1 0,011 0.0080 20,6 69,1 22.9 73.2 1/2 W.B. 20C - @
(68 F) ‘
&3 1. 0.0171 0.0179 2h.1 5.4 39.5 103 3-1/2 Ambient -
3.1 0.0171 0.0174 22 72.3 - - 3-1/h Ambient -
]
n.h 0.0171 0.0179 2.2 75.6 48.3 119 2 Ambient 65 3
1.4 0.0171 00123 2, 75.2 26,5 79.7 1-1/2 W.B. 20k C -
(68.7 ¥)
3'1 000171 000103 18.9 66.0 21.7 71.1 1 W-B. 18-5 C -
(65.3 F)
11k 040228 0.0197 23.0 73.4 L47.0 117 5-1/2 Ambient - .

(1) W.B. = water bath.
{2) See Pigure 8 for plot of temperature rise versus per cent reaction.
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TABLE 8. DATA FROM LARGE=-SCALE STUDIES WITH ALKALINE SOLUTIONS

(Reaction Conditionss HKaBR, - 0.56 mole/liter;
0.1 ¥ KaOH solutionj CoCly added all at once)

— v ——— ot
—— e "

Charge CoCly Concen=- Specific Rate, Temperature Foanm
Sise, tration, mole/ Rep(so)e Tnitial Vaoxd mum Height,

cu ft of By mole Na, min=1 c F c F in. Surroundings(1)

1. 0.00855 0.0057 22.9 13.2 29.5 85. 1-1/h Ambient

3.1 0.00855 0.0163 ~ 2Le5 ~T641 - - S-1/2 Amdient

.k 0.00855 0.0061 23.2 73.8 k7.4 127 1-1/2 Ambient ®
3644 0,00855 0.0207 2he6 76.3 53.4 128 hk=1/2 Ambient

1.4 0.00855 04005k 24,2 75.6 254 T7.7 1/e W.B. 24.5 C (76.1 F) m
3.1 0.00855 0.0088 24.0 75.2 26k 795 1 W.B. 24 C (75.2 F) , &
1.k 0,014 0.0076 23.9 75.0 3.0 87.8 1 Anbi ent L
3.1 0,011} 0.0131 2h0 75.2 3946 103 2=1/2 Aubient o
n® oo 0.0131 23.9 75.0  13.3 110 1-1/k  Ambiemt

1.k 0.0114 0.0095 2hei 75.9 26.1 79.0 1=3/4 WeBe 24,2 C (75.6 F)

3.1 0.011h 0.0105 2hel 75.h4 27.0 B80.6 1=3/L WeBs 2h.1 € (75.4 F)

1.k 0.0171 0.0157 25.3 1.5 k1.0 106 31/ Ambient

3.1 0.0171 0.0152 2.6 76.3 39.8 104 3-1/2 Ambient
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TABLE 8 (Continued)

Charge CoCly Concen= Specific Rate, Temperature Foam
Sige, tration, mole/ Bgp(50), Initial Maximun Height,

cuft of B, mole NaB) min-1 c F c ¥ in.  Surroundings(l)
11k 0.0171 0.0200 25.1 T77.2 ik 119 3=3/4 Ambient
1.k 0.0171 0.0131 242 75.6 25.6 78.1 21k W.B. 24,0 C (75.2 F)
3. 0.0171 00127 2h.0 75.2 26,2  79.2 1-3/k W.B. 2.0 C (75.2 F)

(1) W.B. = water bath. .
(2) Catalyst volume to borohydride volume = 1:75.
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and (3) the NaOH«NaBH) solutions reach complete reaction sooner than do de-
ioniged-water solutions, particularly in the 1l.h and 36.L-cu=ft reactors.

Two runs in Table 7 in which the reactor was insulated with & Sein.-
thick wall of vermiculite are of special interest. The results for these two
runs, when compared with those for noninsulated runs of the same charge sises,
show that the 36.4~cuft reactor approaches the desired "adiabatic® reactor.
The temperature rises in the ll.h-cu~ft experinents were 28.2 and 23.8 degrees
C, respectively, and those in the 36.li~cu~ft experiments were 29.5 and 28.6
degrees C, respectively, for the insulated and noninsulated runs. These
temperature-rise data show that the ll.i-cu-ft reactor still loses an appre-
ciable amount of heat to its surroundings, while the 36.l=cu~ft reactor loses
only a small amount to its surroundings, as compared to the amount of heat
which is retained in the reacting eolution. In addition, the temperature
rises in the larger reactor more nearly approach that expected on the basis
of theoretical considerations.

Figure 7 illustrates this “approach to adiabatic conditions® with
increasing charge sise. The lower initial temperatures for the 3.1- and 3.4
(insulsted)=cu=ft runs explain why the two curves appear “out of order® in
Figure 7. The specific rate generally increased with charge size, as shown
in Figure 7 and Tables 7 and 8, because of this "approach to adiabatic econ-

ditiona",

Figure 8 shows the variation between the theoretical and observed
temperature rises in two 36.i-cu~ft runs (see Table 7). The theoretical
curve is based on 57.5 kilocal per mole for the heat of reaction and 0.56
mole NaBHf) per liter for the solution concentration. There was close agree-
ment between the two experimental curves, B and C; the noninsulated reaction
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FIGURE 7 THE VARIATION OF GENERATION RATES WITH CHARGE SIZE
0-22454
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FIGURE 8. THEORETICAL AND EXPERIMENTAL TEMPERATURE RISES
0-22455
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system was only about 3 per cent "less adiabatic" than the insulated reaction
system. Up to about 60 per cent reaction, the temperature rises in the ex~
perimental systems agreed within about 5 per cent with the theoretical tempera-
ture rise. The insulated system was not completely adiabatic, as is apparent
in Figure 8, A thermocouple set in the vermiculite about 1.5 in. from the
reactor wall showed a temperature rise of 6 degrees C (11 degrees F) during
the course of this run.

On the basis of the results shown in Figures 7 and 8, it is evident
that conditions established on the basis of reactions in the 36.l-cu-ft reactor
approach thoﬁa to be expected in the fullescale generator. In view of the
temperature-rise data of Figure 8, it is estimated that the generation rates
in this reactor are probably about 90 per cent of those obtainable in & comw
pletely adiabatic reactor.

Based on these analyses, it is believed that the following condi-
tions are probably necessary in order to effect complete generation of large
amounts of hydrogen from alkaline (0.1 M KaOH) or deioniged-water solutlions

of mmh 4n about 50 mint

NaBl), concentration = 0.56 mole/liter
CoCly concentration = 0,00855 mole/mole NaBH)

Initial temperature = 22 to 23 C (72 to 73 F).
The Effect of Water Contaminants on the Reaction

There does not appear to be any major problem in generating hydroe

gen under conditions involving almost any rate, temperature rise, and foam
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volume when the solvent is deionised water or a NeOH solution. However, the
specified requirements for the proposed generator indicate that only natursl
waters, such as those from a lake, pond, or flowing stream,will be available
at the operating site. For this reason, it was considered necessary % ine
vestigate the hydrolysis of NaBi), in natural waters and to determine the ef-
fecte of these waters on the reaction.
The study with natural-type waters was divided into three parts.

The study was initially directed toward obtaining specificerate data for the
hydrolysis at various CoClp concentrations using deionized water, tap water,

and vater from the . When it 25X1

was found that there was a decrease in specific rates when river waters were
used as the solvent, it was decided to investigate this decrease in more de-
tail. This portion of the study was conducted by first cheoking into the
most prevalent minerals which could occur in natural waters and then studying
the effects of these minerals added to deionised water. Finally, the sffect
of organic matter was investigated briefly.

Type of Water

The water~type experiments were conducted in a 3.2-in.-diameter
reactor (charge sise of L.l cu ft of hydrogen), similar to the cylindrical
reactors used in the previously described large-scale studies, at a NaBH,
concentration of 0.56 mole per liter. A few runs were also made with ll.ke
and 36.lL-cueft charges.

Table 9 summariges the specific rates obtained from the natural~

vater study as a function of both charge size and catalyst concentration,

IR PRV R SR T
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TABLE 9o DATA ON THE EFPECT OF MATURAL WATERS ON THE SPECIFIC RATE
(Reaction conditions: NaBH) 0.56 mole/liter)
Specific Rate, Ryy(50), minute™l
CoCl, Concen= l.1-cu=ft Charge 11.h-cu-ft Charge 36.li-cu=ft Charge
tration, mole/ Deionigzed Tap Deionised Deionised
mole lam)‘ Vater Water Water Water
0.011h 0.0130 - 0.0087 0.0116 (87) 0.0082 (70) 0.0278 0.0136 (63)
[23.0 (] [2k.2 C] [25ek C] [2k.1 ¢
0.007h
0.0086
0.0171 040197 0.0161 0.0117 0.0178 (65) 0.0191 (54) - 0,0184 (56)
[24.2 ¢ 23.2 ¢
0.0166 0.0163 0.0139 0.0247*
0.0178
&
0.0173 ¥
0.0228 0.0198 0.0196 0.0181 (72) 0.0197 0.0194 (60) - 0.02L
3.0 ¢ 2k €]
0.0192 0.0182
0.0134"
0.0200*
0'0285 - - 0‘0199 - - - -

Notes: l. HNumbers in parentheses refer to time for complete reaction in minutes,
2. HNumbers in brackets refer to initial solution temperature; othecrwise,
the initial temperature was ambient.

#0.01M RaOH solution.
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The general conclusion from the water-type study is that matural
river wvaters affect the hydrolysis reaction only slightly. The runs in the
Lhel=gu~ft reactor indicated that the reactions with deioniszed water proceeded
more rapidly than those with river or tap water. The runs in the ll.he and
36.l=cu=-ft reactors, however, showed that the reduction in specific rate
vhen natural waters were used was less than was indicated by the L.l=gu=fte
reactor data, This decrease in the reduction in specific rate is attribu~
table o the fact that the larger reactors lose less heat to the surround-
ingsj a8 a result, the accelerated generation that occurs in the later stages
of the reaction cancels out some of the specific-rate-reduction effect of the
solvent.

A value for the difference between specific rates obtained with de~
ionised and with natural waters cannot be arrived at with any degree of cer-
tainty. However, based on the 1l.4~ and 36.Li-cu-ft-charge data of Table 9,
it 1s estimated that the use of natural waters instead of deionized water
reduced the specific rate by about 20 per cents It is emphasiged that, in
connection with the interpretation of these data, consideration should be

given t0 the initisl temperature of the reaction.
Effect of Individunl Minerals

In the second part of the water«type study, an attempt was made 0
deternmine which impurities in natural waters were causing the reduced specific
rates. Table 10 shows the average composition of North American waters as
indieated by Reference 6. The salinity, usually expressed as parts per
million (ppm) of total dissolved solids, is reported to vary from 16 to

%é’m
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TABLE 10s COMPOSITION OF NORTH AMERICAN WATEﬁS(é)

Total Dissolved Solids, ppa

Substance Minimum Average Maximum
COq 0.01 33.40 65.6
50y, 0.00 15.31 66,14
c1 0.68 Tebsh L6k
N0, 0.07 1.15 S §
Ca 0400 19.36 30.5
Mg 0.16 4.87 15.L
Na 0.5 R BY: k1.3
X - 1.77 koS

(Fe,A1),04 0.00 . 0.6 646
810, 0.01 8460 k2.

i TR DU TR

o

' foo, b 3 1
) BVows U
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227,200 ppmp the average for natural waters ususlly ranges from 100 to 500
ppme There was little information in the literature on specific organic ime
purities that might be found in natural waters. It is to be expected that
vegetation decomposition may produce organic acids which would reduce the pH
of natural waters to a value of 5 or even lower, while photosynthetic action
in relatively hard waters might raise the pH to values above 8.

The impurities listed in Table 10 were added individually to
deloniged-water solutions of NaBH), and specific-rate data, temperature-rise
data, and maximum foam heights were determined. Table 11 summarises the re~
gults of these experiments. The column titled "Foam Height" shows two values
for most of the additives. In those cases, a foam formed as soon as the
CoCly was added. This foam decreased in helight fairly rapidly, and then
more foam was produced later in the reaction. Of the two values indicated,
the first refers to the initial foam, and the second to the later or regular
foam. For purposes of comparison, the first four runs listed in Table 11
show the specificwrate data for normal solutions, i.e., for NaBH), dissolved
in deionized water.

With the exception of sodium silicate, the impurities evaluated
did not cause any appreciable change in the gpecific rate. The sodium sili-
cate had a very marked and interesting effect in that it caused an increase
rather than a decrease in specific rate. It is probable that the increased
specific rate is due to the formation of a more active or more finely di-
vided catalyst in the presence of the silicate. A second run was made with

the sodium silicate to confirm that the effect was resl, and confirmation
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TABLE 11. DATA ON THE FFFECT OF VARIOUS MINERALS ON THE HYDROLYSIS RATE
(Reaction conditions: NaBH), = 0.56 mole/liter of deionised-
water solutions CoClp - 0.0171 mole/mole NaBH),j charge sise -

hel eu £1)
T Specific Bate,____Temperature Foan
Additive Rep(50)s  Imitial Maximum Height®,
Name Wt, g min=1 c F c F in,
- - 0.0166 25.2 77.h4 L3.5 110 2
- - 0.0178 2he2 5.6 Lh.7 112 L
- - 0.0173 25.6 178.1 L3.3 110 2-1/2
- - 0.0185 2hi 75,9  L2.8 209 &
Calcium chloride 0.331 0.0198  25.4 77.7  L6.8 16 63 2-144
Potassium chloride 0.L37 0.0164 2h.2 75.6 k2.6 109 33 1-1/2
Ferrous chloride (J4H20)  1.03 0.0170  2h.0 T75.2  L0.8 105 32
Aluminum chloride (.6H20) 2.7k 0.017 25.8 178.5 L3.3 110 53 6

Magnesium chloride (+6Hp0) 0,225 0.0157 2k 75.9 Lo.6 105 2-1/23 1
Sodium hexametaphosphate

(Calgon) 0.1450 0.0156 2hdi 75.9 Lo.8 105 1-1/2
Sodium carbonate 53 0.0180 2h.5 76.1 L1.3 106 1-1/2
Sodium nitrate 0.332 0.0151 2.0 75.2 37.h 993 332
Sodium nitrate 0,665 0.0178 2.3 75.8  L43.3 110 351
Sodium chromate (.4Hy0) 0.229 0.0156 25.1 177.2 h2.8 109 33 1-1/2
Scdium sulphate he57 0.0181 2h.9 76.9 L2.2 108 3-1/2
Sodium silicate (.9H0) 10,36 >0.034 24.2 75.6 47.1 117 5
Sodium silicate (49H20)  10.36 0.0256 2h.6 76.3 L5.8 114 32
Tannic acid 0.752 0.0166 25.2 77k L3.5 110 31

|
|
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TABLE 11 (Continued)

Specific Rate,  Temperature Foanm
Additive Rgp(50)s  Jnitial " ¥aximum Height¥,

Name Wty g mo? ¢ c F in.

Mixture ofs 0.0173 2h.1 5.4 ik 122 2«1/

FeCl, *LH,0 0.499 A
NaNO3 04105
Nap5104°9Ho0 L.00
K1 0+20k
CaCla 0.207
5.8

When two values are given, the first refers to the initial foam that formed when the
CoCl2 was added, and the second, to the foam that formed later.

e
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wag obtained. The effect of the sodium silicete addition was not pursued

further,

The Effect of Organic Matter

Since the literature did not indicate any specific organic impurie

ties in natural water for consideration here, it was felt advisable to evaluate

the effect of a stagnant type of water. Five sarples of stagnant waters were

obtained frem various locations in the vicinity of

and these

were tested with NaBH). Hydrolysis ocourred in all five of the water samples

as soon as the borohydride was added.

A quantitative check of one stagnant water sample showed Approxie

mately 18 per cent hydrolysis in 24 min. Sodium borohydride was dissolved in

8 second sample of the same water which had previously been made basic

(0.1M KaOH)j there was no evolution of hydrogen in

30 min. This experiment

bears out the value of adding a base to the water used, before dissolving the

NaBH). Such an addition will not guarantee the stability of a NaBH), solution,

but, as & precautionary measure, it will at least neutralise to some extent

any acidie properties of a natural water.

The general conclusions drawn from the natural-water investigations

are thats (1) local river waters cause about a 20 per cent decrease in spe~

cific rate, and (2) stagnant (swamp-like) waters are "active" and require the

addition of a base t0 neutralise them, s0 that the borohyiride solution pre=

pared will be relatively stable.
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The Effect of Temperature on the Rate of Hydrolysis

The importance of temperature in the hydrolysis reaction has been
brought out quslitatively at various points in the preceding discussion. It
is of significance, however, to be able to make some quantitative approxima=
tions of the effest of temperature on this reaction. The literature contains
very little information on the reaction kinetics of the catalysed hydrolysis
of NaBH). It was necessary, therefore, to study some of the kinetic parame=-

tere of this reaction,

Exparimtag. Procedure

There are some differences between the previously described experie-
mental precedures and those used in the study on the temperature effect, and
these wvarrant discussion here. These temperature-dependency experiments were
run on small charges (500 cc to 1 liter of hydrogen) in a 50-ml reaction
flask, and the hydrogen was collected over water in a gas buretie, as pre~
viougly deseribed,

Only 25 ml of solution was used in each experimenty S ml of CoCly
solution was added to 20 ml of borohydride solution. If this reaction ine-
volved & homogeneous catalysis rather than a heterogeneous catalysis, this
ratio of solution volumes used would be of no importance. However, since the
reaction is heterogeneously catalysed, the ratio of the volumes of catalyst
solution to borohydride solution, and the genersl reactor geometry, affect the
distribution of the catalyst when the two sclutions are mixed. Ideally, unie
form catalyst distribution ig desired throughout the reacting systemj in the
full-gcale unit, this will be a problem. For this study of the kinetice of

%"rm ﬁ'

LGkl
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the reaction only, the ratio of the solution used was lith so that the catalyst
would be relatively uniformly dispersed and, therefore, the factor of nonunie
form dispersion would not affect the results. It will be recalled that in the
scaling studies a ratio of 1130 was used, because of the desirability of keep-
ing the catalyst solution to a relatively small volume in connection with the
ultimate fullescale generatore.

It should aleo be pointed out that there was no stirring action in
these experiments, except for that due to the evolution of hydrogen. In a
precise kinetic study of a heterogeneous reaction, uniform stirring should be
maintainedj however, since the large-scale gencrator is also stirred only by
the evolution of gas, the same stirring action was pnowed to prevail in these
experiments. As will be apparent in the following discussion, some of the
scatter in the kinetic data, as well as some of the anomalous results, may be

related to aspects of this experimental procedure.

merimtal Resulis

Rate experiments were performed at four temperatures - 20, 25, 30,
and 35 C (68, 77, 86, and 95 F) = and at three NaBH) concentrations « 0.13,
0426, and 0,56 mole per liter of 0.008M NaOH solution. The CoCly concentra=
tions varied from 0,00077 to 0.00385 mole per liter of solution. For compari-
son with the concentration units used in the preceding sections, a CoCly con=
centration of 0.00385 mole per liter of solution is equivalent to a concentra-
tion of 0.00688 mole CoCly per mole MaBH), in a 0.56M NaBH), solution.

Table 12 summarises the rate data obtained. The third column lists
the values for ky, which is the first-order rate constant, and the fourth

o T N
A ; P DS 4
2 i
fe o
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TABLE 12. SUMMARY OF THE RATE DATA OBTAINED

e e et o et e s et Y A e e et e~
CoCly,

Temperature, C mole/liter of solution Iy, min™} k,, min™*

NaBH) = 0.13 mole/liter of solution

20 0.0015k 0.00759 0.00221
20 0.00232 0.00806 0.00235%
20 0.00270 0.00694 0.00202
20 0400385 0.0208 0.00605
25 0.0015L 0.0149 0.00433
25 0.00232 0.0272 0.00792
25 0.00308 0.0313 0400911
25 0.00385 0.0463 0.0135
30 0.00154 0.0L477 0.0139
30 0.00308 0.0868 0.0253
30 0.00385 0.0981 0.0285%
39 0.00154 0.0716 0.0208
35 0.00232 0.140 0.0L407
35 0.00308 0.195 0.0567
35 0.00385 0.177 0.0515

NaBi), = 0.26 mole/liter of solution

20 0.00077 0400107 0.000476
20 0.0015L 0,00430 0.00191
20 0.00232 0.0097 0.00L31
20 0.00385 0.0131 0.,00583
25 0.00077 0.0039 0.00174
25 0.0015L 0.0125 0.00556
25 0.00232 0.0152 0.00676
25 0.00388% 0.0240 0.0107
30 0.000385 0.0055 0.002L5
30 0.00077 0.0108 0.00481
30 0.00154 0.0392 0.017L
30 0.00232 0.0346 0,0154
30 0.00385 0.0622 0.0277
35 0.00077 0,0168 0.00748
3% 0.00154 0.0359% 0.,0160
35 0.00232 0.0562 0.02%0
35 0.00385 0.0806 0.0359

gas o
{*‘
e, i
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TABLE 12 (Continued)

CoCl,,
Temperature, C mole/liter of solution ky, min™t kp, min 1

NaBl), = 0.56 mole/liter of solution

20 0.00385 0.00922 0.00648
20 0.00385 0,0112 0.00787
25 0,00077 0.0008 0.00045
25 0,00154 0,00485 0.00341
25 0.00232 0,0106 0,007hS
25 0,00385 0.0157 0,0110
2% 0.,00385 0.,0145 0.0102
25 0.00385 0.0150 0.0105
25 0.00385 0.0187 0.0131
25 0.00385 0.,018%4 0,0129
30 0.00385 0.0327 0,0230
30 0.00385 0.0311 0.0219
35 0.0038% 0.0369 0.0259
35 0.,00385 0.0383 0.0269
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column, the values of ky,, which is the heterogeneous rate constant. The
latter will be referred to in more detail subsequently. Thus, k3 is the
rate "constant® that is proportional to the concentrations of CoCl, snd
RaBH) 3 k;, is the rate constant which takes into account the rate change

effected by the hmh concentration.

Analysis of the Data

Figure 9 presents a typical rate curve showing the behavior of
the hydrolysis as a first-order reaction with respect to the RaBH), concen-
tration. The slight deviation early in the reaction is a typical effect
which has been observed in most of the rate experimente., It is probably
related to the formation of the true catalyst, and to the time delay in-
volved in the uniform diepersion of the catalyst throughout the solution,
as is discussed later.

Figure 10 shows the proportionality of the firsteorder rate con-
stant to the CoCly concentration. Figure 10 probably represents a better
example of this proportionality than was generally found in these studiesj
in general, there was more scatier in the data,

It may be observed in the data of Table 12 that, at constant
temperature and constant CoCly concentration, the first-order rate constant
decreases as the NaBH) concentration increases. For example, at 25 C (77 F)
and 8 CoCly concentration of 0.00385 mole per liter of solutiont

KaH), Concentration, First-Order Rate Constant,

mle/liter of solution ky, min~>
0.13 0.046
0.26 0.024

0.56 . 0.m36

o Nl W e ks
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FIGURE 9. FIRST-ORDER PLOT FOR NaBH, HYDROLYSIS

0-22456
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It appears, therefore, that the unimolecular hydrolysis reaction
is actually a firsteorder reaction for some activated c;onmlu which is
formed on the surface of the catalyst, and that the first-order rate cone
stant is & function of the NaBH) concentration, If it is assumed that the
first-order rate constant varies inversely with some power of the NaBH)
concentration, in the mannert

i = /(B
then k; should be independent of the NaBH), concentration. The first-order
rate equation for a given CoCly concentrations

dHp

— B g (NaBH})

dat
then becomes! dHy

——

at

* ky (NaBH))" ,
where n & Jlen,

An approximate value for m, obtained by fitting the kinetic data to
the above equation, is 0.61. The exponent n therefore equals 0.39.

Figure 11 is a plot of the same rate data as were shown in Figure 9,
but is based on the rate varying as the NaBH), concentration to the 0.39 power.
As was stated, k; should be, and is, independent of the NaBH), concentration;
the k, values corresponding to the ki values which were listed previously
and shown t0 vary inversely with the NaBi) concentration are 0,01k, 0.011,
and 0.012, respectively.

Figure 12 shows the variation of ky with temperature. It is quite

apparent that the precision of these data is not very high.
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FIGURE Il. DERIVATION OF HETEROGENEOUS RATE CONSTANT, k
0-22458
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The sctivation energies calculated from the data relating reaction
rate to temperature are as followss

NaBH);, Concentration, Activation Energy,

mole/liter of solution oal/mole
0.13 29,500
0.26 23,000
0.56 17,500

It ie of interest that there appears to be some variance in the
activation energy depending on the NaBH), concentration. The reason for this
has not been pursued since the primary effort under Task Order Ko. C was not
concerned with kinetie studies but with the sctual development problems The
value of 17,500 ocal per mole has been used in subsequent calculations %o per
mit & comparison of the kinetic data with those pertaining to the full=gecale

| reactor.
Mechanism Studies

Earlier, with the aid of Figure 2, a general deseription of the

manner in which the reaction proceeds was presented. Briefly, it wae stated

! that as soon as the CoCly was added a black precipitate was formed) and that
a rather sharp increase in the temperature of the system, and also, although
less sharp, an increase in the amount of hydrogen evolved were observed dur~
ing the esrly stages of the reaction. In Figures 9 and 11 it will also be
noted that some phenomena are ocourring within the first two minutes of these
reactions, and these may be some preliminary reaction(s). If the CoCly were
the catalyst for the preliminary reaction(s), there would be no sharp changes

CElcew
@ﬁ%é%g

Declassified in Part - Sanitized Copy Approved for Release 2012/05/31 : CIA-RDP78-03642A001300010014-1




Declassified in Part - Sanitized Copy Apgved for _Rq!gﬁagse\ 2012/05/31 : CIA-RDP78-03642A001300010014-1

N R I
Ao e :

D b N L oo u

-63-

in the rate curve during the first few minutes; however, since sharp changes
were noted, it is possible that there is a preliminary reaction in which co-
balt boride or some eobalt-boron product is formed which is the true, hetero-
geneous catalyst.

A few experiments directed toward an investigation of these early
reactions were performed in an attempt to establish whether the evolution of
some hydrogen at the start of the reaction in the full-scale generator might
present a serious problem. During the first few minutes of the reaction,
apparently cobalt boride 18 being formed, hydrogen is being evolved, and a
heat of reaction develops that i»s exothermic and therefore raiges the tempera~
ture of the system by one or two degrees. In the full-scale-generator opera-
tion & rather large amount of hydrogen oould be evolved under these conditions.

Table 13 presents data from two experiments in which dilute NaBH)
solutions were reacted with excess CoCly. As the data show, the hydrolysis
reaction was very fast - actually too fast to follow by mesns of ordinary
techniques.

In the first experiment, 2.3 mwles Hy was produced from 0.79 mmole
NaBH),, or 2.9 moles H2 per mole NaBEH),. In the second experiment, 7.3 mmoles
H2 was evolved from 2.35 mmoles NaBH), or 3.1 moles H2 per mole NaBd).

The solution resulting from the second experiment was filtered in
air, and the black precipitate which had formed during the reaction was 0o~
lected on filter paper. The precipitate was dried overnight in an oven at
110 C and then weighedj the welght was 10k.i mg. The precipitate was then
analysed for cobalt and boron by our Analytical Chemistry Divieion. The

R N gt J )
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TABLE 13. DATA FROM THE REACTION OF NaBH), WITH EXCESS CoClp

o309t et s o705 T T 8 3 o7 AR AR5 A B O£ AN 5 1A A RSl S SD3 0l A e AP i 0 A AT T e 4 0 o bl 2057

Experiment I Experiment II
(0.79 mmle NaiH)) (235 mwles NaBH),)
Time, Hy, Time, Ha,
min mmoles ain mmoles
<0.5 1.9 <1 7.0
1 1.9 2 1151
2 2.0 -3 7.3
7 242 7 Te3
1 2,3 26 7.3
33 2.3 29 7.3
e ———— =~ —— — e ————
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results showed 78 mg of cobalt and 6.4 mg of boron, totalling only 8h.k mg
and leaving 20 mg unaccounted for. These results indicate that the precipi~
tate contained 1.3 mmoles of cobalt and 0.59 mmole of boron. Therefore, the
product apparently contains 2 moles of cobalt per mole of boronj this con~
firms the results of Schlesinger and hie group(”, that the active catalyst
is a 23] cobalt~boron compound.

It has been reported that the black cobalt boride precipitate is
pyrophorie in air. If so, it would be expected that, when handled as de~
scribed above, the black precipitate would have oxidized during the drying
period or possibly even while in the aqueous solution. If it is assumed that
the 20 mg unaccounted for represented oxygen, the following interpretation of
the chemical=anlysis data can be mades

Weight of sample 10k.k mg

Chemical anslysiss B 6.4 mg (0,59 mmole)
Co 78 mg (1.3 mmoles)

Unaceounted«for weights 20 mg

Co required to form CoB » 3L4.9 mg (0.59 mmole)

Therefore, Co available
to form CoO, ® 1i3.1 mg (0s73 mmole Co)

If the 20 mg unaccounted
for is Oy, then 20 mg
should be equivalent to
the smount of Oy re-

quired to form CoOsj

20 c 1
— (O mmole .
32 %2

SFCRET
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Thus, the analytical check is reasonably close. It is, therefore,
concluded that the analytical dats support but do not necessarily confirm the
hypothesis that the precipitate analysed was a mixture of CoB and CoOg,>but
this is not necessarily the true catalyst.

This reaction of NaBH), directly with CoCly is so complex that at
present a balanced stoichiometric equation for it cannot be written, It is
believed, from this cursory study, that NaBH), reacts with CoCly in the initial
stages of the hydrolysis to form a black product which appears to be made up
of cobalt boride (CoB) plus free cobalt, and that 3 moles of hydrogen are
evolved per mole of NaBH),.

A paper has been published recently on the reaction of CoBry with
LiBH), and LiAlH), in diethyl ether(T). Stewart and Schaeffer report a
Hp/LiAlH), ratic of 1.92 in reactions with excess CoBr (they do not report
on comparable reactions with Limh) and the formation of a precipitate re~
ferred to as Co*2il, The Task Order No. C studies yielded a Hp/NaHH), ratio
of 3 and a precipitate which contained two moles of Co and one mole of B.

Stewart and Schaeffer's results indicate fairly positively that

their reaction proceeds as follows:

CoBrp + 2L1AlH), = Co®2Al1 + LHp + 2LiBr .
They report a comparable reaction for LiEH}.
The results of the studies described are not in agreement with the
abovey however, the reactions are not necessarily comparable, since water is
a reactive solvent in the catalysed hydrolysis of NaHHj. The elemental

formula of the black precipitate, CopB, is fairly well established by the
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work of Schlesinger(>) and of the Task Order No. C study. It is not possible
at present, however, to set down & series of stoichiometiric equations which
permit a quantitative explanation of the current data.

The current data do indicate a fairly good 1:l stoichiometric re-
lationship between the amount of boron found in the catalyst and that which
was available in the NaBH;, on the basis of Experiment II of Table 13. The
previously deseribed analysis accounted for 0.59 mmole of the original 0.67
mmole of boron in the EaB.

The informetion obtained from these mechanism studies is exceedingly
fragmentary, and no final postulations can be msde as to the actual mechanism
which produces the true catalyst in this system. The data obtained are of
value, however, since they give an indication of the amount of hydrogen which
may be expected to evolve from the reaction in the generator as soon as the
CoCl, is added to the system. Using the molar ratio of 3 moles of hydrogen
per mole of NaBH), as found in these reactions, and using a GoCly concentre~
tion of 0,006 mole per mole of NaBH), it is calculated that approximately
Ouli cu £t of hydrogen per cu ft of solution will be evolved. This approxie
mation is based on a 11l molar reaction of CoCly with NaBH) and a borohydride
concentration of 0.56 mole per liter of solution. With reference to the
#pool® design mentioned earlier, at this catalyst concentration about 30 cu
4 of hydrogen would be evolved initially from 75 cu ft of solution.

ENGINEXRIKG ANALYSIS OF SYSTEM

The data presented and the analyses described thus far indicate the
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feasibility and flexibility of the two-solution CoCly~NaB) system for the
intended application. It has been shown that for charge sises up to 36.k eu
£t of hydrogen, generators can be constructed to produce hydrogen at various
generation rates. It is now necessary to translate the results of these
studies into data pertaining to the full-scals generator.

The bulk design of the generator was established (following con=
sultation with the Sponsor) as a pool of solution 1.5 ft deep with 50 sq ft
of surface area. The next step was to establish the parameters of concenira-
tion and temperature, and the procedure of operation for the full-scale
generator. Of interest in this connection is the establishment of the ef-
fects of four factorss (1) temperature, (2) CoCly concentration, (3) NaBH)
concentration, and (L) naturel-water contaminants. The last effect has been
analyzed and discussed earlier. The first three effects are analysed below.

Calculated Rates of Ceneration

On the basis of the temperature-dependency studies, it can be

shown that the rate of generation may be expressed ast

dH N -

at

The accuracy of the specific parameters in this equation is questionable.
However, theoretical rate curves can be calculated using this equation, and
these can be compared with experimental rate curves.

Figure 13 is & compilation of one experimental and four theoreti-

cal rate curves. The theoretical rate curves were calculated from the rate
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equation shown above. The values of the parameters used in these calcula~

tions werei

NaB, concentration 0,56 mole/liter

CoCl, concentration 0.,00479 mole/liter

A (colliston factor)  1010+85

AE 17,500 cal /mole

Anr 57,500 cal/mole
The reaction was assumed to be adiabatic, and the calculations were made
over S-mimute intervals of time.

The experimental rate curve in Figure 13 is the same as that shown
in Figure 7 for the 36.li~cu~ft charge which was not insulated, As was mene
tioned earlier, this curve does not represent a completely adiabatic experi-
ment.

It is to be noted that the experimental curve does not fall in the
expected position among the theoretical curves. There are several factors
which account for this. Two factors, mentioned above, are the inaccuracy of
the kinetic parameters and the "nonadiabatic® conditions of the experimental
run. These factors, however, may not represent the entire explanation.

The major factor is probably related to a difference in the rate
constants obtained in the kinetie studies and in the aliquot~scaling studies.
It will be recalled that the addition of catalyst solution to the borohydride
solution was mmde in most of the aliquot experiments at a ratio of 1 to 30
volumes, respectively. In the kinetic studies, on the other hand, the ratio
has been 1 to 4 wolumes. The high activatione-energy value obtained from the
kinetic studies indicates that the catalysis is not diffusion~controlled. Due

T TR A

1
; S
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to the completely different geometry of the large-scale reactors and the
different ratios of the volumes of the solutions, the catalysis in the large-
scale reﬁctora probably differs from that in the small reaction flask used
in the kinetic studies. It is quite probable that the large-scale reaction,
at least during the first 5 to 10 minutes, proceeded at a much slower rate
than did the kineticestudy reactions because the cobalt boride was not dis-
tributed uniformly throughout the reacting solution as rapidly in the formexr.
As a result, the rate constant used in ealculating the theoretical curves is
probably higher than the constant that pertains to the larger scale experi-
ment&l runs.

Table 1l shows the effect of the initial reaction temperature on
the generation rate for an adiabatic system. The calculations indicate that,
for temperature increeses of 5 degrees C (9 degrees F), an approximate in-
crease of 50 per cent occurs in the over-all reaction rate in an adiabatic
system,as compared with an approximate increase of 65 per cent for the rate
constant k., The temperature effect has been pointed out qualitatively in
previous discussions of experimental rate data (for example, Figure 7) and
is shown here quantitatively. Since the initlal temperature of the natural
waters used in the field can easily vary by more than 5 degrees C (9 degrees F),
the temperature effect is important in the operation of the proposed full~
scale generator.

Figure 1L shows the effect of catalyst concentration on the
adiabatic generation rate,

The rate constant has been shown t0 vary proportionally with the
CoCly concentration in the isothermal, kinetic studies (see Table 12). Table 15

AL

Declassified in Part - Sanitized Copy Approved for Release 2012/05/31 : CIA-RDP78-03642A001300010014-1



Declassified in Part - Sanitized Copy Approved for Release 2012/05/31 : CIA-RDP78-03642A001300010014-1
Es;'] 5&ii \a ?gm .,

-?2n

TABLE 13, DATA ON THE EFFECT OF TEMPERATURE ON HYDROLYSIS RATES

(Reaction conditionss Adiabatic reactionj NafH) -
0.56 mole/litery CoCly = 0.00479 mole/liter)

Initial Time for

Temperature, Complete Reaction ﬁ
¢ Hnutes Hatlio Minute™1 Ratio=1 *
15 & 0.00l436
1.52 1.70
20 k2 0.00742
1 L ] 50 l * 61
25 28 0.0119
1.0 1.64
30 20 0.0195

*geciprocal of the retio of ky for the higher temperature to Iy, for the
lower temperature.

TABLE 15, DATA ON THE EFFECT OF CATALYST CONCENTRATION ON HYDROLYSIS RATE
(Reaction conditionsy Adiabatic reactionj HaBl), -
0.56 mole/liter; initial temperature 25 C)

Time for
CoClp, Complete Reaction,
mle/liter minutes
0.,00479 28
0.00300 3 §
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shows that the time required for generation under adiabatic conditions is
also proportional to the CoCly concentration.

Figure 15 shows the effect of NaEH) concentration on the adiabatic
reaction~rate and temperature~rise curves. The principal factor in choosing
the borchydride concentration for the proposed fullesize generator is the
allowable temperature rise. Since the hest of reaction, AH, is 57.5 kilcoal
per mole, the temperature rise in an adisbatic systea ist

AT = (57.5)(C)
vhere C is the initial Nakd), concentration in mles per liter.

It &8 of interest to note in Figurs 15 that, up to about 60 per
cent reaction, the more concentrated solution ewolved hydrogen at a slightly
slower rate, but then it rescted more rapidly as additional heat was absorbed
by the system. It may be concluded from Figure 15 that the effect of boro-
hydride concentration, at least in the range examined here, on the reaction-
rate curves is not appreciable; and that, if a smaller over-all generator
that had the same hydrogen~-generation capacity were desired, the borohydride
concentration could be increased (e.g., by using a similar amount of NaBH),
and less water) and, thus, such a device could be achieved,

The theoretical rate curves shown in this section should all be
accepted as prciininary and somewhat speculative predictions when they are
discussed 4n light of the experimental results. They do explain the effects
of temperature, and of catalyst and borohydride concentration, at least as a
first spproximation. A program could be set up to obtain a direct relation

between the kinetic studies and the large-scale studies, However, such a
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study is beyond the scope of this program., If the kinetic and the large~
scale studies were more directly related, it would have been worth while to
carry on these calculations in greater detail, that is, to set up these cale
culations as a machine operation, and to run the entire gamut of the effects
of temperature, catalyst concentration, and borohydride concentration.

The calculations deseribed in this section have shown the relative
effects of temperature, catalyst concentzation, and borohydride concentra~
tion. The importance of these factors appears to be in the order indicated.
For adiabatic systems, & S«degree~C variation in reaction temperature causes
about & 50 per cent change in the over-all resction rate. The catalyst and
borohydride concentrations, within limits, have besn shown to contribute to
the tesperature rise of the system and not directly to a change in the over-
all reaction rate.

In the operation of a fullesige generator, it will be necessary
for the operator to determine the tempersture of the borohydride solution
before adding the catalyst solution, since the amount of catalyst solution
to be added will depend upon this temperature.

Table 16 presents a listing of the amount of CoCly needed when
water with various starting temperatures is used. These weights were calcue
lated on the basis of a S-degree-C change of temperature effesting a 50 per
cent change in the total reaction rate, and also on the basis that the rate
of reaction varies proportionally with the catalyst concentration, even under
adisbatic conditions. The data in Table 16 were obtained using the following

equations

. T
X T
Gt e T bW Lm ﬁ
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TABLF 16. WEIGHIS OF CoClp NEEDED AT

VARIOUS INITIAL TEMPERATURES
IN FULL-SCALE OPYRATION

Temperature Amount of CoCly,
< ¥ pounds

15 59.0 heh

20 68.0 2.8

22 71.5 2.4

25 717.0 1.9

30 86.0 1.3
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_ 7,250
GoClp, pounds = 513 x 1070 ¢,

where T is expresssd in degrees Kelvin.

This equation was obtained in the following meanner. On the basis
of the kinetic studies, it can be shown that the rate constant depends upon
the CoCl, concentration and the temperature as follows:

k o (cmmz)(«"3-7'5""/RT ) .

Changes in the temperature and/or CoClp concentration can be compensated for
by maintaining the right-hand side of the above relationship constant. The
isothermal studies, however, indicated that the expression o"17,500/BT 4,
too high for the adiabatic system, that is, a S~degree~C ghange in the reace~
tion temperature causes only & 50 per cent change in the total reaction time
rather than a 65 per cent change. To adjust for this, the value for the ac-
tivation energy was reduced to 11,500 calories per mole. With an initial
temperature of 22 C (72 F) and a CoClp weight of 2.4 pounds taken as the
reference points in ealculating a value for k, the above-indicated equation
was obtained.

THE PRELIMINARY HYDROGEN-GENERATOR DESIGM

As a result of the foregoing research, it has been possible o de-

velop a preliminary design of an extremely simple hydrogen generator. The
preliminary design evaluation and the results are described below.

Syt
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Original Concept of the Hydrogen Cenerator

At the start of the program, it was thought that all of the ulti-
mate preliminary generator designs would be of two basic typess (1) those
using the flow process, and (2) those using the batch process. Because 1t
was bellieved ét that time that the water for the generator might have to be
transported to the generating site, the flowmeaa type of design seemed
to offer several attractive features. Unfortunately, however, the design of
a generator using the flow process would be somewhat complicated. A hand-
powered pump of some type would be needed to supply water to the generator.
Some type of heat exchanger would be required to reduce the temperature of
the solution and o!’ the hydrogen gas produced. A device would be needed to
control the rate of generation, and a drying apparstus would be required to
remove water vapor from the comparatively warm hydrogen. It was anticipated
that such a generator would contain several metal parts and would probably
welgh very close to LOO pounds. Fortunately, changes in the proposed opera=
ting procedure, as described below, made possible the deeign of a much
simpler and lighter generator.

Changes in Operating Procedure

During a discussion of the problems of hydrogen generation with
the Sponsor, it was indicated to us that the generating apparatus could ordi-
narily be erected near a natural body of weter which would be at least 10
feet square and 2 feet deep. This new concept in operating procedure made
possible a major shift in our thinking, because it meant that the entire
amount of water needed would not only be at hand, but also that the proposed

P .;;‘_ﬂ
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generator could actually be placed in the water for operation.

With the proposaé generator surrounded by water, there would be no
force from the contained water on the sides or bottom of the generator, and
only a thin plastic material would be needed to separate the reaction solu=
tion in the generator from the surrounding water. It then became possible
to envision a design which would use the batch process and be very light-
weight.

Furthermore, during discussions with the Sponsor, it was agreed
that the gase~drying device could be eliminated because the major part of
any trapped water vapor would condense and drip out of the open bottom of
the balloon, and extra hydrogen could be produced to make up for the weight
of the condensate remaining in the balloon.

These changes in operating procedure made it possible to consider
the use of a simple, lightweight plastic container which would have built=in
plastic sippers and would be extremely simple to set up and use. Thus, de-

sign efforts have been directed almost entirely toward such & generator.

Preliminary Design of Proposed Cenerator

Figure 16 shows three views of the preliminary design of the pro-
posed generator. The unit would be a pneumatically supported structure
33 inches in height and 8 feet in diameter. During operation, it would be
submerged in the water to a depth of 18 inches by the weight of the reaction
solutionj the top 15 inches would be supported above the water to allow

space for the foam generated during the reaction.

gj‘*’ P STy R el
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SECRET FIGURE I6. THREE VIEWS OF PRELIMINARY DESIGN OF PROPOSED HYDROGEN GENERATOR | ,,.q,
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The Kamh would be put into the generator through the gas outlet,
one gas-tight sipper would be used to permit water to flow in and £ill the
generator, and a second sipper would be used to permit the addition of the
catalyst sclution which had been pree-mixed in a container that had besn
supplied. One circular tube, which was perforated at several (number to
be determined) uniformly dispersed points, would distribute the catalyst
solution and faecilitate its uniform addition to the borohyiride solution.
The gas outlet, bonded to the top of the unit, would facilitate the attach~
ment of the balloon.

Numerous instances of pneumatic structures have been found in the
literature. These have varied from dummy guns, tanks, and landing craft to
immense ballooneliks structures housing radar stations. Of the materials
used for these structures, the one involved in the "radar stations" is per-
haps the most relevant, as the following qwouuon(s) shows.

“"Much research has been spent on finding the best materials for
construction of the envelope. The design called for a fabriec which was
strong and weather resistant, would not stiffen in extreme cold, wuld not
absord moisture, would not stretch too much yet would give vhen necessary,
oculd be stored for long periods without deteriorating, and, above all,
would not significantly absorb radio energy, so that radar signals could
pass through the envelope freely. The principal fabrics investigated 8o
far have been Fiberglas, nylon, Fortisan (a rayon), and Dacron, Field ex~
perience has shown that for radomes, the best of these are nylon and Daeron.
To improve resistance to tearing, the fabrics are used in a tweply weave

with the threads biased at a L5-degree anglej wheam this is punctured, it

PPy, 'y
BT
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does not rip beyond the original break.

"For resistance to weathering, the fabric is coated with neoprene
containing a little carbon black. A vinyl-base white paint over this coating
proves effective in improving resistance to0 westher and in reflecting the
sun's heat, but in severe climates, the radome had to be repainted as often
as every year. Further development produced & paint imown as Badolon
(chlorosulfonated polyethylene) which has given the best sarvice of any so

} far.*

It is believed that the entire generator could de made in one

piece from materisls similar to those described and would have a total

‘ weight of 50 pounds or less. The actual details of construction of the
generator are not fixed at this time, For instance, the pneumatic<tube
structure can be made in more than one way and the location of the stays
could be different from that shown in Figure 16. However, it is believed
that a one-plece generator based on the ideas shown in Figure 16 eould be
built, and that the best configuration could be established by conferences
with manufacturers such as The Goodyear Tire and Rubber Co.

Possible Operating Procedurs
The operating procedure is expected to be approximately as followss

(1) Unpack the generator kit
(2) Inflate (by COp or by air from the mouth or hand pump)
while the structure is on the water or as near to the

water as poasible
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(3) Put small stone inside on the bottom to hold unit down
(k) Open side sipper and allow water to flow in
(5) Close side sipper when water no longer flows in
(6) Put sodium hydroxide in through gas outlet
(7) Mix the solution by rocking the generator and
causing the contents to slosh back and forth
(8) Put sodium borohydride in through gas outlet
(9) Mix again as in Step 7
(10) Attach balloon
(11) Take water temperature
(12) Consult chart (CoCly concentration or weight versus

water temperature)

(13) Mix proper amount of catalyst in water and pour
solution in through top sippered opening

(1) Close sipper

(15) Tend balloon.

Fulfillment of Design Specifications

It appears at this time that a hydrogen generator could be con-
structed that would comply with all of the design specifications originally
set up. Furthermore, from the standpoint of low weight and simplicity of
operation, it appears that the proposed generator would be extremely satin-
factory. The specifications would probably be met as described belows
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(L)
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(6)

(1)
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Capacity. Fnough hydrogen, i.e., about 3,500 cu ft,

could be provided to obtain 250 pounds of 1ift at sea level.
Rate. Total capacity would be generated at a controlled
rate within 1 hour.

Pressure. Calculations show that the hydrogen pressure

at the outlet would be approximately O.L psi.

Temperature of Off-Cas. The temperature of the off-gas
would be no greater than about 90 degrees F (50 degrees C)
above the temperature of the water.

Maximum Weight. The total weight of the chemicals, exclusive
of the water, and the generator would be approximately 158
pounds, which is well below the maximum specified, nawely,
500 pounds.

Construction. Radar detectability would de extremely low

because of the nonmetallic nature of the materials. The
entire generator would be one piece and would weigh
approximately 50 pounds.

Operation. The generator could easily be operated by one
nontechnical operator. Furthermore, he would have ample
time %0 tend the balloon. The absence of metal parts
should greatly reduce the possibility of an explosion.
Durability. It appears that the proposed generator could

‘be shipped quite safely and stored for a period of many

months.
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(9) Auxiliary Power and Materials for Operating Satisfactorily.
Water would be the only material necessary for the operation

of the generator.

(10) Costs. Although cost estimates have not been obtained for
the generator, the cost should be relatively low.

(11) Availability. The generator would be very adaptable to

production at the facilities of many companies manufacturing

plastie products.
RECOMMENDED ADDITIONAL DEVELOPMENIS

It would be advantageous for the operator to have some idea of the
progress and degree of completion of the reagtion. The best way of accomplish~
ing this would be to provide a method of following the rise in tenpemtnrﬂh
during the reaction, in order to make it possible for the qperator to note
the levelinge-off and eventual drop in temperature at the end of reaction.

The Pactivity" of natural waters, that is, the stability of boro~

hydride solutions in natural waters, is an important aspect of the generator
problem. At present, there is no immediate solution to this problem, in that
many salts, organic acids, and poesibly other impurities, catalyse this reac~
tion. It might be desirable for the operator to have a test kit which he
could use to evaluate the "activity® of any natural water before operating
the fullescale generator. No test that might be incorporated in a kit has
yet been developed for this purpose. One simple test that might be made,
however, would be to dissolve about 20 grams of NaBH) in about one liter of
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the wvater (to be used) after some alkaline material had been dissolved in
5 s the water., If the solution evolved hydrogen readily, a more basic water

solution should be used. This procedure should be repeated until the above

‘ test yielded no hydrogen when the borohydride was dissolved in the alkaline

water.

CONFIDENTIAL
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